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a b s t r a c t

Now a day population increase and water shortage in many countries compels them to use reclaimed 
water. One of the options to combat this matter is to spent filter backwash water (SFBW) which is 
notably generated in most water treatment plants. There are many techniques for SFBW treatment, 
and coagulation is the most common process. The aim of this study was to investigate the effective-
ness of polyaluminium ferric chloride (PAFCl) and ferric chloride (FeCl3) for treatment of SFBW at 
water treatment plant in Isfahan, Iran. The results showed that the optimum pH ranges for the coag-
ulation of both SFBW with PAFCl and FeCl3 were 6 to 8.5. In addition, in the coagulation process, the 
optimum doses of PAFCl and FeCl3 were 7 and 15 mg/L, respectively. The initial turbidity, colour, 
dissolved organic carbon, UV254 absorbance, aluminum and iron in settled SFBW were 38 NTU, 16 
Pt. Co. units, 2.8 mg/L, 0.06 cm–1, 0.2 and 0.15 mg/L, respectively. The removal efficiency by PAFCl 
for above parameters were 98.68, 100, 39.29, 40.68, 76.5 and 90%, respectively .While, the removal effi-
ciency by FeCl3 were 98.66, 100, 35.71, 35.59, 74.5 and -33.3%, respectively. It was concluded that PAFCl 
showed a better efficiency for removal of all the examined parameters in comparison with FeCl3 at 
lower dose. Also, the quality of treated water by PAFCl was better than raw water entered to the WTP. 
Therefore, SFBW can be returned to the water treatment plant entrance.

Keywords:  Water treatment plant; Spent filter backwash water; Water treatment; Coagulation; PAFCl; 
FeCl3.

1. Introduction

Today, many countries are facing water shortage [1]. 
Water and wastewater reuse is one of the main options that 
can be considered as a new water source in regions with 
water stress [2]. Spent filter backwash water (SFBW) is gen-
erated during most water treatment processes. Reclamation 

of filter backwash water is a potential source of water that 
can be useful in communities with water supply shortage. 
Nonetheless, there are some concern regarding the reuse of 
SFBW water as a matter of heavy metals, natural organic 
matters (NOM) and microorganisms. 

Surface water conventional treatment processes known 
as coagulation, flocculation, sedimentation and filtration [3]. 
During filtration process, the filters become loaded with par-
ticles, organic matters and bacteria. Thus, to maintain better 
performance and treatment efficacy of the filters, backwash-
ing with clean water is conducted periodically to remove 
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contaminants and material that captured in the filter media 
[4]. The quantity of backwash water typically averages from 
2 to 10% of the total water plant production [5]. On aver-
age, it accounts to 2.5% of total plant production [6]. The 
quality of the SFBW depends on the volume and the quality 
of water used for filter backwashing. This is characterized 
by concentration of microbial pollution, suspended solids, 
natural organic matter (NOM) and inorganic materials such 
as aluminium (Al), iron (Fe) or other heavy metals [7–10]. 
The concentration of organic matters and other contami-
nants in SFBW streams has been shown to be significantly 
higher than raw water [11,12]. So, reclamation and recycling 
of SFBW could jeopardize the quality of finished water and 
threaten the health of communities [13]. NOM is responsible 
for colour and odor in water body [14] and results in the for-
mation of disinfection by-products such as trihalomethanes 
(THMs), which are harmful to humans [15,16]. On the other 
hand, Al- or Fe-based coagulants may result in elevated con-
centrations of residual Al or Fe in finished water [17,18]. Al 
could increase the risk of Alzheimer’s disease. Therefore, it 
is important to minimize the amount of residual Al in drink-
ing water [19]. To reduce these risks, the SFBW must be 
treated to ensure human health and environmental protec-
tion. The most common process in conventional water treat-
ment plants is coagulation and it is capable for removal of 
NOM, colloidal particles and even some ionic contaminants 
[20–22]. Coagulation process can also eliminate dissolved 
organic carbon by 30–60% [23].

Today, traditional monomeric inorganic coagulants 
(FeCl3 and Al2(SO4)3) have changed to inorganic pre-hydro-
lyzed coagulants such as poly-ferric sulphate (PFS), poly-
aluminium ferric chloride (PAFCl) and polyaluminium 
chloride (PACl) [24,25]. These coagulants are less sensitive 
to low temperatures, require lower dosage, react at wider 
pH range and are more efficient than traditional coagulants 
in NOM removal [26–28]. PAFCl is a composite coagu-
lant, which has been developed by the pre-hydrolyzation 
of AlCl3 and FeCl3, or prepared from hydrochloric pickle 
liquor or blast furnace dust [29]. 

The main goals of this research were to identify the 
levels of contaminants in the spent filter backwash water, 
to investigate the feasibility of reclamation of backwash 
water after treating by PAFCl and ferric chloride, to eval-
uate the performance of PAFCl and FeCl3 on spent filter 
backwash water and the effect of dosage and pH on the 
coagulation process. 

2. Materials and methods

2.1. Sampling and filter backwash water descriptions

Isfahan water treatment plant treats 12 m3/s of water 
by coagulation, flocculation, sedimentation and rapid sand 
filtration processes using PACl as a coagulant. There are 
48 filter units in the plant, where their backwash water is 
considered as a waste. Backwash water was sampled from 
the plant during annual operation. In winter, autumn and 
in the rainfall periods the backwash water had a high tur-
bidity amounting about 600 NTU, while in other seasons, 
it had a turbidity of about 200–250 NTU. Thus, the data of 
this article focuses on spring and summer, as the quality 
of water is almost constant during these seasons owing 

to the lack of rainfall. During backwashing of each filter, 
some 500 m3 of wastewater was generated. Considering 
48 filter with 24 h cleaning interval it accounts for about 
2.25% of the raw water entering to the plant. Therefore, 
during the water treatment process approximately 24000 
m3/d of SFBW is generated. In general, 2–10% of the fin-
ished water is used for backwashing in each WTP [8,30]. 
Table 1 presents a summary of quality analysis (the aver-
age values of experiments during two sampling period, in 
spring and summer) for raw, finished, and filter backwash 
water in the WTP.

2.2. Experimental methods

To investigate the coagulation effects on SFBW, Jar test 
experiments were conducted using a Phipps and Bird stan-
dard jar-test unit consisting of six 2-L square beakers. One 
liter of the SFBW water was transferred into each beaker. 
After coagulant addition, the water samples underwent 
rapid mixing (120 rpm for 2 min), flocculation (40 rpm for 10 
min) and settling for 20 min [27]. All experiments were per-
formed at room temperature (23 ± 20˚C). For optimum pH, a 
constant dose of PAFCl and FeCl3 (7 mg/L) was used sepa-
rately at different pH (5–9.5). The pH value which led to gain 
the best results for turbidity and colour removal was adopted 
as an optimal pH. Optimum dose selection was conducted 
by applying the identical optimal pH, but, with different 
doses of PAFC and FeCl3. Then, the coagulation procedures 
were carried out for the SFBW using the optimal doses of 
PAFCl and FeCl3 under the optimal pH during spring and 
summer sampling, and the results were recorded.

2.3. Analytical methods

Samples were analyzed for total organic carbon (TOC), 
dissolved organic carbon (DOC), UV absorbance at 254 nm 
(UV254), residual turbidity, true colour, residual Al and Fe 
and some other heavy metals such as arsenic, lead and cad-
mium. All the experiments were conducted according to the 
standard methods for the examination of water and waste-
water. DOC, UV254 and true colour were analyzed after fil-
tering the samples by a 0.45 µm membrane filter.

TOC was analyzed using a Phoenix 8000 system. Tur-
bidity, UV254, colour, TDS, EC and pH of the samples were 
measured by TN-100 (EUTECH) Turbidimeter, DR 5000-
HACH LANGE, EC meter SENSION5 (HACH LANGE) 
and pH-meter model CG 824, respectively. 

2.4. Coagulants and reagents

Both FeCl3·6H2O and PAFCl were used as coagulants 
in this study. The commercial products were provided 
by chemical suppliers from Merck and China Company. 
PAFCl is a commercial grade product with a composition 
of 28% Al2O3, 1.84% Fe2O3 and basicity of about 81.22%. 
For preparation of PAFCl stock solution, 1 gr of the PAFCl 
was dissolved in 1 liter distilled water to achieve a concen-
tration of 1 g/L. For 1 g/L FeCl3 stock solution, 1.662 gr 
of FeCl3·6H2O was dissolved in 1 liter distilled water. pH 
adjustment of the samples were conducted with 0.1 M HCl 
or 0.1 M NaOH solutions. 
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3. Results and discussion

3.1. Raw water characteristics

Typical characteristics of the SFBW samples are summa-
rized in Table 1. Results showed that pH of the SFBW was 
weakly alkaline. Total amount of its DOC varied between 
8 and 12 mg/L during the study period. Differences in the 
amount of turbidity, DOC and other parameters among the 
sampling period were nearly constant. The quality of raw 
water was almost constant as well due to the lack of rain-
fall and good quality of water resources. Furthermore, raw 
water is introduced to pre-chlorination and pre-ozonation 
processes. In this regard, the majority of organic matter 
content is oxidized resulting in low UV254 absorbance, and 
DOC and colour are reduced in treated water and backwash 
effluent. As shown in Table 1, the average values of DOC 
and UV254 absorbance in raw water were 2 (±0.28) mg/L 
and 0.052 (±0.03) cm–1, respectively, while in the finished 
water reached to 1.1 (±0.14) mg/L and 0.034 (± 0.001) cm–1, 
respectively.

3.2. Effect of coagulation on turbidity and colour removal

3.2.1. Optimum pH selection

In coagulation process the optimum pH is an important 
parameter for proper coagulation as it affects the surface 
charge of colloids, organic matters and the charge of NOM 
functional group [31]. Also, the pH plays an important role 
on stabilization and destabilization mechanism especially 
on surface charge neutralization. Most particles in water 
have electrically charged surfaces that are usually negative 
[32]. At very low pH there are more concentration of H+ that 

affects the surface charge of particles and organic matter. By 
addition of coagulant, positive cation like Fe3+ or Al3+ react 
with negative charge particles in water body. At very acidic 
condition these two positive charges repel each other, so 
the results of coagulation are not very well. This drawback 
occurs at high pH condition as well. When pH increases, the 
surface charge becomes increasingly negative owing to the 
presence of OH–, thus this situation causes destabilization of 
particles and subsequently deteriorates coagulation. In fact, 
optimum pH is a value at which these negative and positive 
charges are shifted to a situation that can be attracted by 
positively charged oxides and hydroxides of Al or Fe. For 
this reasons, water with high alkalinity may require high 
coagulant consumption to depress the pH value favorable 
for coagulation [33]. As pH increases, carboxyl groups of 
humic substances will loss protons, so, they become more 
ionized and the positive charges on metal coagulants will 
decrease. Consequently, higher coagulant dosages will be 
required at higher pH values.

The degree of turbidity removal by PAFCl and FeCl3 
was investigated separately at different pH from 5 to 9.5 
(with an interval value of 0.5) and constant dose of 7 mg/L. 
The results indicated that high removal efficiencies (to 
obtain turbidities ≤ 0.8 NTU) for PAFCl was at pH rage of 
5–9 and that for FeCl3 was at pH rage of 6.5–8.5 (Fig. 1). 
Performance of the PAFCl and FeCl3 at pH values upper 
than 9 and 8.5, respectively, was dramatically alleviated. 
The results achieved by PAFCl are in accordance with the 
previous study [27]. At pH values greater than 9 the tur-
bidity removal efficiency was decreased due to the hydro-
lysis of coagulants into negatively charged precipitates. In 
this study, the SFBW had a mean pH of about 8.35. On the 
other hand, both coagulants showed good efficiencies at pH 

Table 1 
Average quality of raw water, SFBW and sand filter effluent in summer and spring

Parameter Units Raw water Filter backwash Filter backwash 
water after primary 
sedimentation

Filters effluent

Turbidity NTU 7 (±0.7) 275.5 (±2.1) 38 (±1.4) 0.25 (±0.01)

Colour Pt. Co. units 11 (±1.4) 35 (±2.8) 16 (±1.4) 0

EC µs/cm 333 (±2.8) 335 (±1.4) 344 (±2.8) 334 (±1.4)

TDS mg/L 165 (±2.8) 167 (±1.4) 166 (±1.41) 166 (±1.41)

pH 8.22 (±0.02) 8.4 (±0.1) 8.35 (±0.07) 8.2 (±0.02)

Alkalinity mg/L 132 (±1.4) 150 (±2.8) 144 (±1.41) 126 (±1.4)

Fe mg/L 0.1 (±0.01) 0.7 (±0.002) 0.15 (±0.02) 0.02 (±0.002)

Al mg/L 0.035 (±0.01) 0.31 (±0.002) 0.2 (±0.02) 0.049 (±0.002)

Arsenic µg/L 0 0 0 0

Lead µg/L 2 (±0.28) 16 (±0.002) 13 (±1.4) 0.5 (±0.002)

Cadmium µg/L 0.43 (±0.028) 0.7 (±0.002) 0.52 (±0.02) 0.38 (±0.002)

Temperature °C 23 ± 2 23 ± 2 23 ± 2 23 ± 2

Sludge volume ml/L negligible 12 (±1.4) negligible   0

UVA-254 nm cm–1 0.052 (±0.03) 0.18 (±0.01) 0.06 (±0.014) 0.034 (±0.001)

DOC mg/L 2 (±0.28) 10 (±2.8) 2.8 (±0.14) 1.1 (±0.14)

TOC mg/L 2.2 (±0.14) 11 (±2.8) 3 (±0.14) 1.2 (±0.14)
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range of 6 to 8.5. The difference between efficiency removal 
at optimum pH (8) and at neutral pH of SFBW was about 
0.03 NTU which is negligible. Therefore, to avoid any chem-
ical addition, pH value of 8.35 was selected as an optimum 
pH.

By comparison between the two coagulants, it was con-
cluded that at constant dose and pH, PAFCl showed better 
turbidity removal efficiency than FeCl3 at pH 8.5 (98.3% vs 
97%).

Optimum colour removal was observed at pH range of 
7 to 8.5. At this pH the colour removal efficiency for PAFCl 
and FeCl3 was 100% and 93.8%, respectively. Fig. 2 shows 
when the pH is above 8.5 the colour removal efficiency is 
decreased, and at pH range of 7 to 8.5 they have constant 
effect in colour removal. Traditional coagulants like ferric 
salts undergo rapid and uncontrolled hydrolysis reactions 
upon their addition to water, so they form a series of prod-
ucts such as monomers, oligomers and polymeric hydroxyl 
complexes. 

Alkalinity has a very useful effect on the pre-hydrolyzed 
coagulants to produce Fe- and Al-species that are quite sta-
ble and very efficient in NOM and particle removal. There-
fore, they are hardly affected by alkalinity and pH in water 
[34]. For these reasons, by increasing the pH value from 7 to 
9, PAFCl shows a better efficiency than FeCl3.

3.2.2. Optimum dose selection

Coagulation was examined with a various doses of 
PAFCl and FeCl3, from 1 to 40 mg/L in 11 steps. Experi-

ments were conducted two times in summer and spring for 
both coagulants, and the results are presented in Figs. 3 and 
4. For PAFCl, by increasing the dose up to 13 mg/L, the 
removal efficiency for turbidity and colour were increased. 
When the dose increased above 13 mg/L, it worsened the 
removal efficiency due to re-stabilizing the colloidal sus-
pension. As shown in Figs. 3 and 4, PAFCl has constant per-
formance for turbidity and colour removal at 7 to 13 mg/L 
dose. At these doses, the residual turbidity and colour are 
reduced to 0.5 NTU and 0 Pt. Co. units. In comparison, by 
increasing the dose of FeCl3 up to15 or 20 mg/L the removal 
efficiencies for turbidity and colour were increased and then 
decreased in the upper tested dosage, whereas at 40 mg/L 
the residual turbidity and colour reached to 0.9NTU and 5 
Pt. Co. units. Thus, from Figs. 3 and 4 it was concluded that 
this coagulant shows a good efficiency at 15 to 20 mg/L. To 
prevent additional chemical consumption and sludge pro-
duction, 15 mg/L was selected as an optimum dose. At this 
dose, residual turbidity was reduced down to 0.51 NTU.

In comparison, PAFCl removes more turbidity and 
colour at lower dosage than FeCl3 and it is affected quickly 
by over dosing. Applying 5 mg/L of each coagulant, a resid-
ual turbidity of 0.7 NTU for PAFCl and 1 NTU for FeCl3 
were achieved. Also, residual colour was reduced to 1 Pt. 
Co. units and 2 Pt. Co. units, respectively. Removal efficien-
cies of turbidity and colour worsened at PAFCl doses over 
13 mg/L and at FeCl3 doses over 25 to 30 mg/L.

At low doses, the coagulant was not able to compress 
the double layer of the colloid particles or to bind the col-
loid particles to form bridging. As coagulant dosages were 
exceeded the charge neutralization requirement, the for-

Fig. 1. Optimum pH selection for turbidity removal by FeCl3 and 
PAFCl at 7 mg/L dosage. 

Fig. 2. Optimum pH selection for colour removal by FeCl3 and 
PAFCl at constant dose (7 mg/L) and initial colour of 16 Pt. Co. 
units.

Fig. 3. Optimal dose selection for turbidity removal by FeCl3  
and PAFCl on pH 8.35.

Fig. 4.  Optimal dose selection for colour removal by FeCl3 and 
PAFCl, with initial colour of 16 Pt. Co. units.
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mation of precipitates led to the relatively rapid formation 
of visible flocs. This process is usually called sweep floc 
or enmeshment in precipitate. Also, at a higher dosage of 
the coagulant, there are no enough negative charges on 
the surfaces of particles or colloidal matter to stabilize the 
positively charged particles. Subsequently, the precipitate 
suspension becomes unstable and it affects the quality of 
treated water. Apparently, 5 mg/L of PAFCl is adequate to 
overbear double layer compression, but for FeCl3 it requires 
15 mg/L. One reason for this matter is related to the PAFCl 
positively charge property. In fact, the higher charge den-
sity of PAFCl species results in a decrease in the coagulant 
dose. Previous study showed that pre-hydrolyzed coagu-
lant like PACl contains stable preformed aluminium spe-
cies that are more effective at charge neutralization than 
conventional coagulants (like FeCl3) due to a higher charge 
density [35]. Increasing the coagulants doses resulted in a 
decrease in turbidity removal which can be attributed to 
charge reversal and destabilization of colloidal particles 
due to coagulant overdosing [36]. So, the superior perfor-
mance of PAFCl compared to FeCl3 is attributed to its wider 
working pH range and lower dose requirement to achieve 
equivalent treatment efficiency [37].

In this study, we found that the required dosage of 
PAFCl was 53.3% less than that of FeCl3. Halvadiya et al. 
reported same results for PACl and alum [38]. In fact, SFBW 
contains destabilized solids that play two important roles 
in coagulation efficiency. First of all, it increases the number 
of collision sites that enhances physical removal of colloids 
and solids, and secondly, it contains neutralized sites that 
by applying a little amount of coagulants they get charged 
and act as new flocs for coagulation and adsorption of tur-
bidity.

3.3. Effect of coagulation condition on organic matter removal 

3.3.1. Optimum pH selection:

The effect of pH (5 to 9.5) on the removal of organic 
matter was studied by reduction of UV254 absorbance with 
PAFCl and FeCl3 with dosage of 7 mg/L (Fig 5). According 
to Table 1, DOC and UV245 absorbance of the SFBW after pri-
mary sedimentation were 2.8 mg/L and 0.06 cm–1, respec-
tively. Fig. 5 show that pH has a significant effect on the 
coagulation efficiency as UV254 absorbance reduction. For 
both coagulants, it was observed that in low pH they had 
more efficiency. At pH 5, reduction efficiency of PAFCl and 

FeCl3 for UV254 absorbance was 50 and 41.6%, respectively. 
However, by increasing the pH, two coagulants showed dif-
ferent behaviors which were mainly related to their various 
chemical properties and chemical interactions. It is interest-
ing that for PAFCl, the reduction of UV254 absorbance was 
constant at wider range than for FeCl3. For FeCl3 by a unit 
change in the pH, it affects the level of UV254 absorbance. 
For example, at pH 5 to 7, PAFCl had constant reduction 
efficiency of about 50% and at pH 7.5 to 8.5 reductions was 
about 45%. In contrast, for FeCl3, reductions were decreased 
from 41.6% at pH 5 to 23.3% at pH 8.5.

Previous studies showed that the traditional coagulants 
like FeCl3 provide optimal organic matter removal at low 
pH values (pH < 6.0) [39]. Electrostatic interactions occur 
since molecules still bear some charged functional groups. 
The suppression of the negative charge ions at low pH val-
ues with H+ or Al3+ and Fe3+ leads to formation of aggregates 
[40] and subsequence negative organic matter removal take 
place due to charge neutralization by the monomeric Fe or 
Al species which exists under that pH. The results showed 
that optimum pH for the removal of organic matter with 
PAFCl was 5 to 7 but at pH from 7.5 to 8.5, no significant 
difference was observed. Thus, to avoid chemical addition 
for pH adjustment, pH 8–8.5 (pH of sample) was selected as 
an optimum pH. FeCl3 removed more organic matter at low 
pH, but, at this pH, turbidity removal was poor. To obtain 
better removal for both turbidity and organic matter, pH 
8–8.5 was selected as an optimum for FeCl3 as well. Because 
of both Al(OH)3 and Fe(OH)3 species which exist at higher 
pH (7.5–8.5), both charge neutralization and adsorption 
could be responsible for organic matter removal [41].

It is obvious that alkalinity and pH affect the interac-
tions of coagulant and organic matter removal. For tradi-
tional coagulants, organic matter is removed better at low 
pH. In high alkaline water, removal is generally obtained 
by acidifying the raw water or by applying increased dose 
of coagulants [42]. By applying pre-hydrolyzed coagulants 
such as PAFCl, this problem can be handled.

3.3.2. Optimum dose selection

To study the effect of the coagulants dose on the removal 
of organic matter, coagulation was performed with different 
doses of the coagulants from 1 to 40 mg/L. Fig. 6 shows the 
changes in UV254 absorbance during the coagulation pro-
cess by PAFCl and FeCl3. The efficiency of NOM removal 
(UV254 absorbance reduction) increases with an increase in 
the coagulants dose. For both coagulants low doses up to 4 

Fig. 5. Optimum pH selection for UV254 absorbance reduction 
by FeCl3 and PAFCl at 7 mg/L dosage.

Fig. 6. Optimal dose selection for organic matter removal 
(UV254 absorbance reduction) by FeCl3 and PAFCl on pH 8.35.
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mg/L did not properly remove organic matter. The coagu-
lation does not take place at low dosage, because the elec-
trostatic repulsion between negatively charged functional 
groups within the organic molecules does not allow them to 
approach together. In this study, the two coagulants showed 
different behavior for organic matter removal at various 
doses. Both coagulants had maximum removal efficiencies 
of organic matter at 40 mg/L, but this dose is not optimum 
for turbidity removal. At a dosage of 7 to 13 mg/L PAFCl a 
removal efficiency of 40% was attained, but for FeCl3 with 
the same dose was 30%. To achieve 40% removal efficiency 
by FeCl3, it is necessary to apply 20 mg/L of it. Therefore, 
the suitable dose for PAFCl and FeCl3 was selected 7 and 15 
mg/L, respectively (Fig. 6). The average values obtained for 
TOC and DOC at optimum doses and pH for PAFCl were 
1.43 (±0.05) and 1.3 (±0.02) mg/L, and for FeCl3 were 1.6 
(±0.14) and 1.45 (±0.01) mg/L, respectively.

At lower pH, hydrogen ions could dominate the metal 
hydrolysis products for organic ligands. Thus, the amount 
of unsatisfied organic ligands decreases and the organic 
matter can be removed more efficiently [34]. In this study, 
pH of samples was 8.35, so, the amount of H+ is lower than 
OH–. It can be concluded that at high pH condition, another 
mechanisms may control the organic matter removal. For 
PAFCl, increases in dose didn’t reduce the pH very much, 
but it is obvious that pre-hydrolyzed coagulants had more 
positive charge in comparison to the traditional coagulants. 
So, positively charged PAFCl flocs can adsorb negatively 
charged organic matter. In contrast, for FeCl3, it is neces-
sary to add more doses to get enough positive charges. 
The aggregation mechanisms which takes place and NOM 
are removed include charge neutralization, entrapment, 
adsorption and complexation with coagulant ions into 
insoluble masses [43–45].

Another mechanism that improves PAFCl efficiency is 
adsorption of negatively charged organic matter on flocs. 
PAFCl has both Al and Fe ions, so, it uses the both properties 
of Fe(OH)3 and Al(OH)3 complex. Pre-hydrolyzed coagu-
lant has been found to be superior compared to the tradi-
tional coagulants for particulate or organic matter removal 
under some conditions in which significant amounts of 
high-charged polynuclear aluminium and iron hydrolysis 
products are present [46–47]. In case of FeCl3, the removal 
of DOC under relatively higher coagulant concentration (15 
mg/L) could result by the sweep flocculation process.

Another important parameter for study of coagulation 
performance and controlling the quality of treated water 
is specific UV absorbance (SUVA) which is defined as the 
UV absorbance of a sample at 254 nm divided by the DOC 
concentration of the sample. This ratio describes the nature 

of natural organic matter (NOM) in the water sample in 
terms of hydrophobicity and hydrophilicity. Also, it has 
been reported that there is a good correlation between the 
SUVA value and THMs formation potential [48]. Water with 
SUVA≥4 indicates that the NOM composition is dominated 
by humic substances. Water with SUVA between 2 and 4 
indicates that it contains a mixture of humic and non-humic 
substances and water with SUVA ≤2 indicates that the NOM 
composition is dominated by non-humic substance [33]. 
The amounts of SUVA in raw water entering to the Isfahan 
WTP, filters output and SFBW before and after coagulation 
are shown in Table 2. 

The SUVA value in the raw water was 2.6 and after 
coagulation with PACl it reached to 3. It was concluded 
that water contains a mixture of humic and non-humic sub-
stances. In addition, SUVA of SFBW before and after coagu-
lation by PAFCl and FeCl3 were 2.1, 2.7 and 2.6, respectively. 
The results indicate that the raw water samples were com-
prised of a varied mixture of hydrophobic and hydrophilic 
organic compounds [4].

The results presented in Table 2 show that by applying 
PAFCl and FeCl3, the DOC content was reduced by 53 and 
48%, respectively. Based on the SUVA levels of the water in 
Table 2, it is interesting to say that FeCl3 has to some extent 
higher affinities to hydrophobic humic acids in comparison 
to PAFCl. SUVA value for PAFCl reached from 2.1 to 2.7 
after coagulation and for FeCl3 it reached from 2.1 to 2.6, 
which are in accordance with Yan et al results [49].

3.4. Effects of coagulant type and dose on pH and alkalinity

The pH and alkalinity affect the performance of coagu-
lants significantly. Fig. 7 shows the changes of pH in treated 
water after coagulation with various doses of PAFCl and 

Table 2 
The average amounts of SUVA in Isfahan raw water, filters output and SFBW before and after coagulation

Parameters Raw water Filter output* SFBW after settling Coagulation by PAFCl Coagulation by FeCl3

UV254 (cm–1) 0.052 (±0.03) 0.034 (±0.001) 0.06 (±0.014) 0.036 (±0.001) 0.038 (±0.001)

DOC (mg/L) 2 (±0.28) 1.1 (±0.14) 2.8 (±0.14) 1.3 (±0.02) 1.45 (±0.01)

SUVA 2.6 3 2.1 2.7 2.6

TOC (mg/L) 2.2 (±0.14) 1.2 (±0.14) 3 (±0.14) 1.43 (±0.05) 1.6 (±0.14)

*In Isfahan WTP Coagulation is carried out using PACl

Fig. 7. pH changes after coagulation with various doses of PAF-
Cl and FeCl3 (initial pH was 8.35).
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FeCl3 during two experiments in summer and spring. By 
increasing the dose of both coagulants, pH was decreased. 
Also, it can be concluded that pH variation range for PAFCl 
is lower than FeCl3. The change of the solution pH may be 
related to the metal coagulants property that are commonly 
acidic and can consume water alkalinity, depending on 
their type. Coagulation in low alkaline water may consume 
all of the available alkalinity and depress the pH values 
too low for effective treatment [34]. In this study, the SFBW 
had high alkalinity, so, the reduction of pH or alkalinity 
by coagulants didn’t notably affect them and there was no 
need for pH or alkalinity adjustment. High alkaline water 
may require high coagulant addition to depress the pH val-
ues favorable for coagulation. However, for pre-hydrolyzed 
coagulant, it is not very important, because PAFCl perfor-
mance is steady at wide range of pH. From the results, it can 
be seen that application of PAFCl has a lower impact on pH 
and alkalinity reduction compared to FeCl3.

3.5. Effect of coagulation on metals removal from the SFBW 

One of the major concerns regarding SFBW reuse or 
treatment is heavy metals. During the water treatment pro-
cesses, metals are removed by various mechanisms such as 
adsorption, precipitation and enmeshment. Most of these 
metals are concentrated in the clarifiers or top surface of fil-
ters. So, most of them enters to SFBW during filter’s back-
wash. High concentrations of aluminium in drinking water 
are also of concern because of its potential adverse health 
effects such as causing Alzheimer disease [50,51]. Deter-
mination of Al concentration is very important from the 
standpoint of human health. In this study, the concentra-
tion of iron, aluminium, arsenic, lead and cadmium in raw 
water were 0.1 mg/L, 0.035 mg/L, zero µg/L, 2 µg/L and 
0.43 µg/L, respectively. In the filters output they amounted 
0.02 mg/L, 0.049 mg/L, zero µg/L, 0.5 µg/L and 0.38 µg/L, 
respectively (Table 1). It can be concluded that concentra-
tion of all the above metals in raw and treated water were 
low and met WHO guideline. Only the concentration of 
aluminium in treated water was increased due to the use of 
PACl as coagulant in the process.

Table 3 shows the metals concentration in the SFBW 
before and after coagulation with both PAFCl and FeCl3 at 
optimum dose. The concentrations of all tested metals in 
treated water with PAFCl were lower than those in treated 
water with FeCl3. The use of coagulant for water treatment 
often leads to higher concentrations of aluminium or iron in 

the treated water than in the raw water itself. In this study, 
the concentration of aluminium and iron in treated water 
by PAFCl reduced to 0.047 mg/L and 0.015 mg/L from 0.2 
mg/L and 0.15 mg/L, respectively. Also, for FeCl3 the con-
centration of aluminium reduced from 0.2 mg/L to 0.051 
mg/L and the iron level increased from 0.15 mg/L to 0.2 
mg/L. PAFCl produces flocs that have good adsorption 
properties, so they adsorbed heavy metals especially Al and 
Fe better than FeCl3. On the other hand, large amounts of Al 
and Fe in the SFBW were enmeshed in tiny flocs that escape 
from primary sedimentation and PAFCl removes this par-
ticulate better than FeCl3. Another parameter that affects Al 
and Fe concentration is release properties of the coagulant. 
From Table 3 it can be concluded that FeCl3 increases Fe 
concentration, but PAFCl reduces both Al and Fe concen-
trations. This is an interesting property of per-polymerized 
coagulants in comparison to traditional coagulant.

The residual aluminium or iron is low in neutral pH due 
to the formation of amorphous precipitates like Al (OH)3 or 
Fe (OH)3 which is then removed by sedimentation. There-
fore, residual aluminium or iron drops significantly around 
neutral pH [52]. In this study the pH and alkalinity of water 
were 8.35 and 144 mg/L as CaCO3. Thus, the formation of 
amorphous precipitates keeps them insoluble. On the other 
hand, co-precipitation of organic contaminants with metal 
hydroxides by precipitation and adsorption property of 
aluminium- or iron-based flocs can reduce metals in treated 
water [53]. The maximum recommended range of alumin-
ium in drinking water by WHO is 0.05–0.2 mg/L and by 
Iranian drinking water standard is 0.1–0.2 mg/L.

3. 6. Sludge production

During coagulation process, coagulants produce sludge 
in the form of metal hydroxide which removes colour and 
colloidal matter from raw water. Of course, not all inorganic 
coagulants behave in the same way, but pre-hydrolyzed 
coagulants such as PACl and PAFCl produce less sludge 
than alum or ferric chloride with equivalent doses [54]. Fig. 
8 shows the sludge production by PAFCl and FeCl3 at differ-
ent dose. The sludge volumes were measured using Imhoff 
cones. Coagulation with 7, 10, 15 and 40 mg/L of PAFCl 
produced 2.4, 3, 4.1 and 8.9 ml/L of sludge, respectively. 

To investigate the effect of pH on sludge production, 
coagulation was conducted with constant dose of PAFCl 
and FeCl3 (7mg/L) at various pH (Fig. 9). It is clear that 
in low pH; the solubility of Al and Fe is high. So, in this 

Table 3 
The average amounts of metals and heavy metals concentration in SFBW before and after coagulation by PAFCl and FeCl3 during 
two seasons

Metals and heavy 
metals

SFBW before 
coagulation

SFBW after coagulation 
with PAFCl

SFBW after coagulation 
with FeCl3

WHO 
guideline

Iran 
standard

Fe (mg/L) 0.15 (±0.02) 0.015 (±0.001) 0.2 (±0.028) 0.3 0.3

Al (mg/L) 0.2 (±0.02) 0.047 (±0.002) 0.051 (±0.0141) 0.2 0.1–0.2

Arsenic (µ/L) 0 0 0 10 10

Lead (µ/L) 13 (±1.4) 10 (±1.41) 12 (±1.4) 10 10

Cadmium (µ/L) 0.52 (±0.02) 0.35 (±0.028) 0.38 (±0.028) 3 3
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condition the chance for aluminum and iron hydroxide pre-
cipitate is very low. As the pH increases and hydrolysis pro-
ceeds, micro crystals and the amorphous metal hydroxide 
precipitates are formed. These products can adsorb many 
types of organic matter or trap colloidal matter. Eventually, 
they form a precipitate with higher volume and weight. 
Visual observation revealed that flocs forming were larger 
at higher pH values than at optimum or low pH values.

3.7. Effect of blending 

Previous studies have shown that blending 10% of 
untreated SFBW with raw water prior to coagulation did not 
affect treated water quality and in some cases it improved 
removal efficiency [4,55,56]. In this study, by coagulation of 
the SFBW we attained good quality which allows us to use 
more portion of SFBW. All tested parameters like turbidity, 
colour, organic matter and heavy metals in treated SFBW 
by coagulation were lower than raw water, so all the treated 
SFBW can be recycled to the WTP entrance. Also, the mea-
sured metals in the treated water had low concentrations 
that meet WHO guideline. Only for FeCl3 the concentration 
of Fe in the treated water was more than raw water. By Eq. 
(1) we can determine the amount of treated water that can 
be blended with raw water without notable effect on qual-
ity of treated water.

( ) ( )
( )

C
 

raw raw bw bw
mix

raw bw

Q C Q C

Q Q

× + ×
=

+
 (1)

where Cmix = concentration of heavy metals, DOC or 
other parameters in combined water; Qraw = flow rate of raw 
water; Craw = concentration of heavy metals, DOC or other 
parameters in raw water; Qbw = flow rate of backwash water; 
Cbw = concentration of heavy metals, DOC or other parame-
ters in backwash water

4. Conclusions

(1) Compared to FeCl3, PAFCl showed superior perfor-
mance in most cases during coagulation & floccu-
lation on SFBW treatment. At a dosage of 7 mg/L, 
PACl resulted in an optimum removal efficiency of 
turbidity, colour, DOC and UV254 of 98.68%, 100%, 
39.29%, and 40.68%, respectively. Also optimum 
removal efficiencies of FeCl3 for turbidity, colour, 
DOC and UV254 absorbance were 98.66, 100, 35.71 
and 35.59, respectively. The optimum pH for turbid-
ity and colour removal by both the coagulants was 6 
to 8.5. Thus, natural pH of SFBW (8.35) was selected 
as an optimum pH.

(2) Both the coagulants remove the turbidity and colour 
almost with similar efficacy, but PAFC needs very 
low dose in comparison to FeCl3. For the two coag-
ulants, organic matter removal was very good at 
acidic pH. However, in comparison to FeCl3, PAFCl 
showed a better efficiency for organic matter removal 
especially in pH above 7. So, its removal efficiency 
was not significantly affected by pH variation. As 
SFBW contains tiny hydroxide precipitates, it assists 
the coagulation process by increasing the volume of 
flocs and impaction between flocs and contaminants 
in water body. Subsequently it improves coagulation 
through sweep coagulation mechanisms.

(3) The results of this research suggest that PAFCl 
removes heavy metals better than FeCl3. PAFCl 
does not add any Fe or Al to treated water, but 
FeCl3 releases Fe into the treated water. One reason 
for very good efficiency of heavy metals removal 
by both the coagulant is that the majority of heavy 
metals removed by main water treatment processes 
were trapped by flocs that remain on filter surface. 
So, by application of coagulation, flocculation, sedi-
mentation and subsequent removal of tiny flocs that 
contains heavy metals, large portion of the metals is 
removed during SFBW treatment.

(4) It can be concluded that regardless of the raw water 
quality we can treat SFBW by coagulation as an 
important pretreatment method for reuse or recla-
mation of water especially communities facing water 
shortage or scarcity. Coagulation with PAFCl is an 
efficient process for SFBW, compared to FeCl3.
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Fig. 8. Sludge production by PAFCl and FeCl3 at various doses.

Fig. 9. Sludge production with constant dose of PAFCl and FeCl3 
(7 mg/L) at various pH.
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